We investigate the leptogenesis with almost degenerate neutrinos, in the framework of democratic mass matrix, which naturally explains the large mixing angles for neutrino oscillations as well as quark masses and mixing matrix. We find that the baryon asymmetry in the present universe is explained via the decays of righthanded neutrinos produced nonthermally by the inflaton decay. The model predicts neutrinoless double beta decays accessible in near future experiments.
The neutrino-mixing matrix in the basis where the mass matrix for the charged leptons is diagonal is given by U = (V l ) † as
As denoted, this indicates nearly bi-maximal neutrino oscillations, i.e., sin 2 2θ 12 ≃ 1 , sin 2 2θ 23 ≃ 8 9 ,
where θ 12 and θ 23 are the solar and the atmospheric neutrino mixing angles, respectively. Furthermore, the U e3 element automatically vanishes, U e3 ≃ 0. The mass squared differences for solar and atmospheric neutrino oscillations are given by ∆m The experimentally observed values for these quantities are given by [7, 16] 
where the last numbers in the parentheses denote the best fit values. Here, we have taken the large mixing MSW (LMA) solution to the solar neutrino problem, which is the most preferable in the present experiments [8] .
Recently, a positive indication for neutrinoless double beta decay has been reported, with ν e -ν e component of the neutrino mass matrix |m νeνe | ≃ 0.05-0.84eV [17] . Therefore, it might be interesting to consider the degenerate neutrinos of mass of order O(0.1eV). Hereafter, we take m ν i ≃ M ν ≃ 0.1eV as a representation. In this case the breaking parameters in the neutrino mass matrix are obtained as ε ν = ∆m One may worry about that the predicted value of the mixing angle for the solar neutrino θ 12 in Eq. (13) is too large to fit the experimental value. Even if we include the effect of nonzero sin θ l ≃ 0.066, the mixing angle of the solar neutrino oscillation is only slightly reduced to sin 2 2θ 12 ≃ 0.99. However, a deviation from the nearly maximal mixing for solar neutrino oscillation can be easily implemented by introducing small off-diagonal elements κ ν in the neutrino mass matrix Eq (11):
Notice that the matrix of the off-diagonal elements has the form of the second matrix in Eq. (10), which is also invariant under the S 3 (L) as noted before. The mixing matrix of neutrino-oscillations is then given by
where m
Here and hereafter, we require κ ν < ε ν in order to ensure the nearly bi-large mixing for neutrino oscillations.
The neutrino mass matrix given in Eq. (15) has another interesting prediction on the size of the U e3 . When the neutrino mass matrix is diagonal as in Eq. (11), the neutrino mixing matrix U is entirely determined by V l given in Eqs. (6) and (7) . In this case, we can immediately obtain the U e3 element as
In the case of the general neutrino mass matrix, the above prediction on the U e3 is shifted by the non-zero elements of the V ν . The leading deviation of the U e3 from the value presented in Eq. (17) is given by
We now consider the specific case where the neutrino mass matrix is given by Eq. (15) . One might naively imagine that the deviation of the U e3 is given by
from the above general argument. If this is true, we can have no precise prediction on the size of the U e3 . Interestingly, however, this is not the case. Because of the symmetric form of the neutrino mass matrix in Eq. (15), the leading contribution given in Eq. (18) beautifully cancel out. Actually, the leading terms in V ν13 and V ν23 are given by
Hence, the deviation of the U e3 in this model is highly suppressed, ∆U e3 < ∼ 10 −3 , which allows us to have a precise prediction, |U e3 | ≃ 0.05. 3 This will be clearly shown in the numerical calculations presented in this letter. In the future, this prediction on the size of the U e3 will be tested in the long baseline experiments, such as JHF [18] .
The most natural way to explain small neutrino masses is the "see-saw" mechanism [19] . In this case, the mass matrix M ν for the light neutrinos is given by
after integrating out the heavy right-handed Majorana neutrinos N Ri . Here, M R and m νD are the mass matrices of the right-handed Majorana neutrinos N Ri and the Dirac mass for l Li and N Rj , respectively. In terms of the Yukawa couplings, the Dirac neutrino mass matrix is given by (
The S 3 invariant matrices of M R and h D are uniquely determined as
3 In fact, V ν13 = V ν23 in the limit of the vanishing ε ν .
where we have assumed that the N Ri transform as 3 L = 2 L + 1 L under the S 3 (L) symmetry. 4 One can easily imagine that the assumption of κ R ∼ κ D (∼ κ ν ) for the off-diagonal elements is the simplest and natural way to obtain the mass matrix for the light neutrinos in Eq (15) with ε ν = δ ν = 0. In order to induce the symmetry breaking parameters ε ν and δ ν in the neutrino mass matrix in Eq. (15), we introduce breaking parameters ε D and δ D in diagonal elements of Yukawa matrix h D , as in charged leptons:
Then, we can obtain the required mass matrix of the light neutrinos by taking the following pattern of the perturbations:
The above breakings of the S 3 symmetries might be understood as follows. Suppose that the S 3 breakings are originated only from the Yukawa coupling of Higgs field H, as in mass matrices for quarks and charged leptons. Then, the S 3 (L) symmetry is broken in the neutrino Dirac Yukawa matrix by the parameters ε D and δ D as in charged lepton sector, since it comes from the coupling of Higgs field. On the other hand, the mass matrix of the right-handed neutrinos M R in Eq. (22) is assumed to be S 3 invariant since it is decoupled from the Higgs field H.
The mass matrix M R for the heavy right-handed neutrino leads to two exactly degenerate right-handed neutrinos and a slightly heavier/lighter one, with masses
As we will see in the remainder of this letter, the off-diagonal elements κ R and κ D , which are required to explain the neutrino oscillation experiments, play a crucial role in the leptogenesis.
leptogenesis [14] Now let us discuss the leptogenesis in the present model. Notice that the conventional leptogenesis scenario where the right-handed neutrinos are produced by thermal scatterings after the inflation is somewhat difficult in the case of the degenerate neutrinos of m
eV. This is because the out-of-equilibrium condition cannot be satisfied in this case and the amount of produced lepton asymmetry is strongly suppressed [20] . (See Appendix.) Therefore, we consider the leptogenesis via decays of the right-handed neutrinos N Ri which are produced non-thermally. A natural mechanism of such a non-thermal production of N Ri is the decays of the inflaton ϕ into the N Ri [15] . Hereafter, we will consider the supersymmetry (SUSY) theory, although the following discussion does not change much in the non-supersymmetric case.
If CP is not conserved in the Yukawa matrix h D , the interference between decay amplitudes of tree and one-loop diagrams results in the lepton-number production [14] . The lepton-number asymmetry per a decay of right-handed neutrino N Ri is given by [14, 21] 
where N Ri , l Lj , and H (l Lj and H) symbolically denote fermionic or scalar components of corresponding supermultiplets (and their anti-particles), and F V (x) and F S (x) represent the contributions from vertex and self-energy diagrams, respectively. In the case of the SUSY theory, they are given by [22] 
Here, we have assumed that the mass difference of the right-handed neutrinos is large enough compared with their decay widths, so that the perturbative calculation is ensured. (We will justify this assumption later.)
In the present model, the masses M Ri are almost degenerate,
Thus, x ≃ 1 and the self-energy contribution F S (x) is much larger than the vertex contribution F V (x). 5 In the leading order in perturbation, 5 If we take into account the effect of the finite decay width, F S (x) vanishes for x → 1. Thus, the asymmetry parameters are given by
where we have neglected higher order terms in the expansions of ε D , δ D , κ D , κ R and ε D /δ D . As for the CP phase, we have assumed that the complex phase exists only in the off-diagonal elements κ D and κ R for simplicity, and have taken the other parameters to be real. Notice that all the decays of N Ri generate the lepton asymmetry with the same sign, namely, they contribute in a constructive way.
6
The ratio of the lepton number density n L to the entropy density s produced by the inflaton decay is given by [15] 
where T R is the reheating temperature after the inflation, m φ the mass of the inflaton, and B (i) r the branching ratio of the decay channel of the inflaton to N Ri , i.e., B
Here, we have assumed that the inflaton decays into a pair of right-handed neutrinos, and M Ri > T R in order to make the generated lepton asymmetry not washed out by lepton-number violating processes after the N Ri 's decay. Notice that the inflaton mass m φ should satisfy m φ > 2M R in order to make the decay (φ → N Ri N Ri ) kinematically allowed. 7 After being produced, a part of the lepton asymmetry is immediately converted [14] into the baryon asymmetry via the "sphaleron" effect [24] , since the decays of N Ri take place much before the electroweak phase transition:
where C is given by C ≃ −0.35 in the minimal SUSY standard model (MSSM) [25] .
Therefore, the amount of the baryon asymmetry in the present model is estimated as
6 One might wonder if this fact might conflict with the argument that the generated lepton asymmetry must vanish in the limit of exactly degenerate masses. However, if the mass differences of the right-handed neutrinos become smaller than the decay widths of them, the perturbative formula F S (x) in Eq. (26) no longer holds and we should take into account the effect of finite widths of N Ri . Actually, it was shown that F S (x) vanishes in the limit of exactly degenerate right-handed neutrino masses if the finite decay widths are appropriately taken into account [23] . 7 In this letter, we assume a perturbative decay of the inflaton.
where we have used the see-saw formula M ν ≃ k 
Notice that the mass differences of the right-handed neutrinos, ∆M R ≃ 3 Re(κ R )M R is much larger than the decay widths of them,
10 GeV), so that the perturbative formula F S (x) in Eq. (26) is justified. The assumption M Ri > T R is also easily satisfied for M Ri > 10 10 GeV.
In Fig. 1 , we show the histograms of the n B /s, |U e3 | and M ν for the LMA solution. Here, we randomly generate the small perturbations as in Eq. (24) and collect the data set of n B /s, |U e3 | and M ν if the generated mass spectrum and mixing angles satisfy the conditions obtained from the neutrino oscillation experiments given in Eq. (14). Then we plot the frequencies of these quantities in the vertical axes. We also present a plot of the obtained mass differences and mixing angles for the solar neutrino oscillation in {tan 2 θ 12 , ∆m 2 solar } plane. We take the range of the perturbations as follows:
where we take ε D and δ D to be real, for simplicity. If we randomly generate the perturbations within the above range, the neutrino mass spectrum and mixing angles satisfy the conditions given in Eq. (14) with the rate of nearly 20%. The baryon asymmetry n B /s is calculated with the normalization
One can see that the analytic estimation explains the numerical result quite well and that the required amount of the baryon asymmetry can be easily obtained in the democratic model with the natural scale of perturbations. Another interesting prediction can be seen from the upper-right figure. The amplitude of U e3 is accurately predicted as |U e3 | ≃ 0.049, as denoted in the first part of this letter.
In Fig. 2 , we show the histogram of the the n B /s, |U e3 | and M ν for the LOW solution. 8 In the MSSM, H = 174GeV × sin β, where tan β = H / H ′ and H ′ is the Higgs field which couples to the down-type quarks (and charged leptons). In Eq. (30), we have taken sin β ≃ 1.
In this case, we take the range of perturbations as follows:
Other conventions are the same as those in Fig 1. The resultant baryon asymmetry is almost the same as in the LMA solution, which is easily understood from the Eq. (30). In the case of the LOW solution, the off diagonal elements in the light neutrino mass matrix are much smaller than those in the LMA solution κ ν ∼ ε ν ∼ δ ν × 10 −(4−6) , which results in the much more precise prediction on the amplitude of the U e3 .
Conclusions
In this letter we have investigated leptogenesis with almost degenerate neutrinos, in the framework of democratic mass matrix, which explains very successfully the observed large mixings of the neutrinos as well as quark masses and mixings. The almost degenerate Majorana neutrinos with masses of order m ν i ∼ O(0.1)eV induce a considerable rate of the neutrinoless double beta decays, which is accessible in near future experiments. We have shown that the empirical baryon asymmetry is well explained by the decays of the right-handed neutrinos produced in the inflaton decay.
In this model, the U e3 component of the mixing matrix for neutrino oscillations is predicted as |U e3 | ≃ 0.05, which is a direct consequence of the nearly S 3 symmetric form of the neutrino mass matrix. Such a value of U e3 will be also tested in the long baseline experiments, such as JHF [18] .
where H(T = M Ri ) is the Hubble parameter when the temperature T becomes as low as the mass of the decaying right-handed neutrino, M Ri . The so-called out-of-equilibrium condition is roughly given by K i < ∼ 1, and the final lepton asymmetry is strongly suppressed for K i ≫ 1 [20] . The parameter K i can be rewritten in terms of a mass parameter m i [20] :
where
We use the Yukawa couplings h ik defined in the basis where the both mass matrices of right-handed neutrinos and light neutrinos are diagonal:
Let us define a matrix X ij as follows:
Then from Eq. (37) one can show
Thus, we see that the m i parameter in Eq. (36) is bounded from below as follows:
In the last equation, we have used Eq. (39). Therefore, if the light neutrinos are degenerate as m , which leads to a strong suppression of the lepton asymmetry generated by the decays of thermally produced right-handed neutrinos. Figure 1 : Histograms of the n B /s, |U e3 | and M ν . We randomly generate the small perturbations as in Eq. (31), and collect the data set of these quantities if the generated mass spectrum and mixing angles of the light neutrinos satisfy the conditions for the LMA solution in Eq. (14) . Then we show the frequencies of these quantities in the vertical axes. The generated mass spectrum and mixing angles for the solar neutrino oscillation is also plotted in the lower-right figure, in which ∆m 
